We introduce a new scheme for continuous-variable entanglement distillation that requires only linear temporal and constant physical or spatial resources. Distillation is the process by which high-quality entanglement may be distributed between distant nodes of a network in the unavoidable presence of decoherence. The known versions of this protocol scale exponentially in space and doubly exponentially in time. Our optimal scheme therefore provides exponential improvements over existing protocols. It uses a fixed-resource module-an entanglement distillery-comprising only four quantum memories of at most 50% storage efficiency and allowing a feasible experimental implementation. Tangible quantum advantages are obtainable by using existing off-resonant Raman quantum memories outside their conventional role of storage. Quantum information science offers a vastly greater information processing capacity than classical information science while using comparable resources [1] . Primary among these resources is the volume of space and duration of time necessary to execute a given task. The scaling of these variables with the problem size distinguishes quantum from classical information processing. This distinction is quickly eroded in the real world, since quantum correlations, which lie at the heart of power of quantum information science, are vulnerable to environmental noise. A critical element of any quantum information system is, therefore, the ability to generate high-quality quantum correlations (i.e., entanglement) between nodes of the system [2] and, equally, to do this in a way so as not to incur unscalable resource consumption. There exists a protocol for this purpose-entanglement distillation [3, 4] . Conventional approaches to entanglement distillation are, however, very resource intensive and do not meet a primary criterion for scalable quantum information processing. If it were possible to identify a means to implement entanglement distillation by using a scalable amount of resources, it would be an important step to bridge the gap between inprinciple and real-world quantum information science applications.
Quantum information science offers a vastly greater information processing capacity than classical information science while using comparable resources [1] . Primary among these resources is the volume of space and duration of time necessary to execute a given task. The scaling of these variables with the problem size distinguishes quantum from classical information processing. This distinction is quickly eroded in the real world, since quantum correlations, which lie at the heart of power of quantum information science, are vulnerable to environmental noise. A critical element of any quantum information system is, therefore, the ability to generate high-quality quantum correlations (i.e., entanglement) between nodes of the system [2] and, equally, to do this in a way so as not to incur unscalable resource consumption. There exists a protocol for this purpose-entanglement distillation [3, 4] . Conventional approaches to entanglement distillation are, however, very resource intensive and do not meet a primary criterion for scalable quantum information processing. If it were possible to identify a means to implement entanglement distillation by using a scalable amount of resources, it would be an important step to bridge the gap between inprinciple and real-world quantum information science applications.
In this Letter, we introduce the notion of a quantum entanglement distillery, which makes use of quantum memories to enable the same physical space to be used for both the storage and processing of quantum information. For continuous-variable entanglement distillation, it provides improved use of fixed resources to achieve the same levels of improvement in entanglement as earlier schemes. In fact, our distillery has doubly exponential temporal and exponential spatial advantage over existing distillation schemes [4] . It also surpasses crucial limitations of finite-dimensional entanglement pumping schemes [5] . In particular, failed local operations merely reduce the entanglement of the states involved as opposed to a finitedimensional instance where failed attempts lead to completely unentangled states. Ours is a repeat-until-success scheme using a linear number of initially poorly entangled states to obtain a final state with higher entanglement. The distillery is a fixed module, consisting of only four quantum memories where the final amount of entanglement is governed by the initial states and the number of iterations. Memories [6] allow us to store results from previous iterations while the subsequent ones succeed, providing an exponential advantage in time. The additional exponential advantage in space and time is provided by our entanglement distillation protocol, which we describe later.
The quantum memories not only store quantum information but also process it concurrently in the same physical space. They allow us to repeatedly perform probabilistic operations on the same copy of the quantum state, further saving time and enhancing resilience against decoherence. This is vital, as all local schemes for distilling entanglement must be probabilistic, since entanglement cannot, on average, increase under local operations and classical communications. Furthermore, distillation of continuous-variable entanglement is not possible if all states and operations involved are Gaussian [4, 7, 8] . A major advantage over finite-dimensional schemes is that failed local operations do not require starting the whole process anew. Our scheme is also event-ready, in that the protocol's success is reported by fixed detector outcomes.
There are two key features the quantum memories must possess to be suitable for our distillery. First, their PRL 108, 060502 (2012) P H Y S I C A L R E V I E W L E T T E R S week ending 10 FEBRUARY 2012 0031-9007=12=108(6)=060502 (5) 060502-1 Ó 2012 American Physical Society time-bandwidth product, which determines the number of iterations that can be executed within their coherence lifetime, must be sufficiently large. Second, they need a transparent failure mode; i.e., they transmit any unstored excitation, allowing them to be used as a beam splitter and enabling in situ generation of the initial two-mode squeezed state. Most importantly, at no point do we require a perfect memory. In fact, off-resonant Raman memories [9] satisfy these criteria, providing a clear path to practical implementation of our scheme [10] . We begin by describing our protocol, consisting of two major steps that we call malting and mashing. We first describe mashing, which provides iterative improvement of a weak entanglement resource, and then the design of our quantum entanglement distillery that implements our scheme. Then we describe malting, the generation of a weak entangled resource, and analyze its success probability. We also show how existing Raman memories suffice in getting close to the limiting state.
Mashing.-The mashing step of entanglement distillation begins with a non-Gaussian resource state jc 0 i. This state is produced in a process called malting, which we describe later. Let us denote it in Schmidt form as
where jni A 1 (jni B 1 ) denotes an n-photon Fock state in Alice's (Bob's) mode. This is the resource at the end of malting stage from which we will distill our final state by using an iterative protocol. In the first step of the iteration, Alice and Bob combine two copies of the state jc 0 i on two 50=50 beam splitters. In the case that each party detects vacuum on one of the emerging modes from each beam splitter, the resultant state in the other two modes is jc 1 i. Next, jc 1 i is interfered with a fresh copy of jc 0 i to produce jc 2 i upon vacuum detection, and so on. At stage i of the protocol, we combine jc i i with jc 0 i modewise on the beam splitters and detect vacuum, as in Fig. 1(a) , to produce the state (2) where U ab represents a 50=50 beam splitter across modes a and b. If we denote
we obtain, from Eq. (2), an iterative relation of the form
where M depends on jc 0 i. The essential mathematical properties of this map and its first few iterations are provided in Ref. [10] . A key innovation of our work is to implement both mashing and malting steps in the same hardware. We call this hardware an entanglement distillery and present a design for it which uses only four quantum memories. Storing the results of the successive probabilistic mashing steps into quantum memories would require them to have 100% storage efficiencies. Our strategy circumvents this demanding requirement by requiring only 50% storage efficiencies.
An entanglement distillery.-Our distillery consists of four quantum memories to store entangled states during the protocol and act as nonlinear and linear elements for generating and processing them. A quantum memory typically involves three modes: the input, the control, and a localized storage mode. The storage mode b is generally a matter degree of freedom, while the other two are optical. The simplest interaction for transferring a single excitation among three modes is of the form
The beam splitter required for the mashing step in Fig. 1(b) can be readily achieved by setting the field a to be classical. Since one of the modes involved is optical, while the other is material, it allows us to exploit the best of both worlds: the optical for transferring information across the distillery and the material for processing it.
FIG. 1 (color online). Mashing. (a)
A linear-optics schematic of the iterative mashing protocol, in which an entangled resource state jc 0 i, distributed between two parties Alice and Bob, is interfered with the shared entangled state jc i i on 50:50 beam splitters. Detection of vacuum by Alice and Bob heralds the success of the protocol, which produces a more entangled state jc iþ1 i. (b) Implementation of mashing using four quantum memories. The resource state is generated between memories A 2 and B 2 , while the state jc i i is shared between memories A 1 and B 1 . The gray panels show the control pulses required to drive the memory interactions: full retrieval (red) and 50:50 beam splitter (green). Mashing is achieved by retrieving the resource state from A 2 and B 2 and sending it through memories A 1 and B 1 while driving a 50:50 beam splitter interaction, as described in the main text. Vacuum detections herald the successful production of jc iþ1 i between A 1 and B 1 (not shown).
are converted entirely into optical modes by using strong control pulses. On Alice's side, the photons retrieved from A 2 are directed into A 1 and interfered with the matter mode via a 50=50 beam splitter interaction, as in Fig. 1(b) . Correspondingly on Bob's side, the photons retrieved from B 2 are interfered with the matter mode in B 1 . In the case that no photons are detected emerging from the ensembles, the state shared by Alice and Bob is projected into jc 1 i. The second iteration proceeds by malting another copy of jc 0 i between A 2 and B 2 and interfering this with the matter modes in A 1 and B 1 as described above, which produces jc 2 i provided both Alice and Bob detect vacuum again. The protocol proceeds iteratively. This stage requires a beam splitter interaction with T ¼ 0, that is, perfect retrieval [10] .
Malting.-A classical mode c in Eq. (5) leads to a twomode squeezing Hamiltonian between an optical and material mode, the first step of the malting process. It generates a pair of two-mode squeezed states of the form jÈi ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À 2 p P n n jnijni, where is the squeezing parameter, and the matter mode of each memory is now entangled with its corresponding optical mode. The emitted photons are then directed over the channel connecting Alice and Bob, so that Alice receives Bob's photons, and Bob receives Alice's, as in Fig. 2(a) . Each party now uses a control pulse [green pulse in Fig. 2(a) ] to drive the same 50=50 beam splitter interaction as used in the mashing step, so that Alice's photons are interfered with Bob's matter modes and vice versa. A photon-counting detector placed behind each memory measures the optical mode emerging from the beam splitter interaction. When no photons are detected, the joint state of the two memories is again a two-mode squeezed state, now between the matter modes of Alice's and Bob's memories [ Fig. 2 
(a)]:
In order to prepare a suitable non-Gaussian resource state jc 0 i, some non-Gaussian operation is now required. That is the aim of the second part of the malting process. To that end, we concentrate on photon subtraction, which has been studied in the context of entanglement distillation previously [4, 11] .
Photons are subtracted from optical modes by using lowreflectivity beam splitters and photon counters. This is a probabilistic process. In the same way, phonons can be subtracted from the matter modes by sending in weak control pulses and detecting the emission of a photon at the output [ Fig. 2(b) ]. The advantage of using the matter modes is that the subtraction process can be tried repeatedly on the same copy of the initial state. By contrast, an optical implementation requires fresh preparation of the initial state if the subtraction fails. If, after several weak control pulses [purple pulses in Fig. 2(b) ], a photon has been detected by both Alice and Bob, a successful subtraction on matter modes in both the memories has been heralded and our non-Gaussian resource state jc 0 i is now ready.
Each failed detection, however, alters the state. Since the initial state in the memory is a two-mode squeezed state, the quantum state after f vacuum detections (over both arms) is still a two-mode squeezed state of the form of Eq. (6) but with a squeezing parameter of x ¼ T f , where T is the effective transmissivity of the beam splitter interaction. Rather conveniently, T can be made arbitrarily close to 1 simply by reducing the energy of the subtracting control pulses. If we succeed in detecting photons at the photon counters in Fig. 2(b) after f trials, our resource state takes the (unnormalized) form
with ¼ xT 2 ¼ T fþ2 . For the initial state jc 0 i, the results of the distillation scheme are presented in Fig. 3 . Because the states are stored in the memories, a repeat-until-success strategy can be employed. Weak control pulses drive a series of beam splitter interactions with small effective reflectivities. When a retrieved photon is detected at both A and B, the malting process is over, and the non-Gaussian entangled resources state jc 0 i has been successfully generated. The figure shows three and five attempts by A and B, respectively, to successfully implement subtraction. This is a fundamental advantage of a memory-based continuousvariable distillery, without any counterpart in free-space, finitedimensional distillation schemes.
Equating this with the entanglement of the initial two-mode squeezed state allows us to find the maximum number of tries f c within which we must succeed if we are to have a net gain in entanglement. If
where R is the real root of the equation r 3 þ ð1 À 2Þr 2 þ ð2 À Þr À ¼ 0 [10] . For typical parameters such as ¼ 0:2 and T ¼ 0:99, f c ¼ 60. We present the first three iterations of the mashing step using the state in Eq. (7) in Supplemental Material [10] .
Implementation in realistic systems.-In practice, the number of iterations in the distillery is limited by the finite storage lifetime t mem of the memories. The utility of a memory is captured by its time-bandwidth product B ¼ t mem =, which is the number of clock cycles, as defined by the duration of the control pulses, that fit within the lifetime of the memory. If p s 1 is the probability of success of mashing two copies of the limiting state, and " P c the probability of successful subtraction by trial f c , the maximum number of iterations i m satisfies [10] 
For ¼ 0:15, T ¼ 0:75, and B ¼ 2500, i m ¼ 12. Figure 4 shows the number of iterations allowed for a broad range of parameters. From Fig. 3 , a small number of iterations, three, for example, suffices to get close to the limiting case. A Raman memory with a time-bandwidth product of B $ 2500 was recently implemented [9] , and B * 10 5 is feasible with modest technical modifications, such as improved magnetic shielding. It has the required properties of high B and a transparent failure mode and can implement Eq. (5) [10] . The pulses in this broadband memory are >300 ps long; single-photon avalanche photodiodes with sufficient response time (150 ps) and efficiency (> 50%) to implement the proposed protocol are well-known [12] , and considerably faster response times (18 ps) and higher efficiencies (> 94%) have recently been demonstrated with superconducting nanowire detectors [13] . This Raman memory also has a demonstrated storage efficiency of $60%. With reasonable lifetimes, storage, and retrieval efficiencies, implementation of a distillery is feasible by using this technology. Only T ¼ 1=2 is required for interference, so perfect mode matching is not needed, and some attenuation of the control intensity can be accommodated. Perfect storage is never required, and where near-perfect retrieval is desirable, it can be implemented easily with a train of several pulses [10] . This establishes the technical feasibility of each stage of our distillation protocol. Finally, inefficient detectors in our scheme lead to different limiting states in our protocol, but entanglement enhancement is still possible by tuning the subtraction beam splitter [14] without affecting the resource scaling of our protocol.
Discussion.-The task of maintaining coherence across quantum devices is the biggest roadblock to scalable quantum technologies. It would thus be immensely beneficial to store and process quantum information in the same physical space. We show that quantum memories can play this dual role. We have presented a protocol exploiting this duality and identified an existing memory to implement it. We have provided the general criterion required of such a memory. Using just four quantum memories with imperfect storage efficiencies, our quantum distillery can produce high-quality entangled states between distant parties. This can be used to build quantum networks to experimentally study a broad range of quantum phenomena from quantum walks to the simulation of efficient energy transport in light-harvesting complexes [15] . The smaller the value of T, the larger the maximum number of possible iterations.
